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Abstract 
The water utility industry is under enormous pressure to meet the challenges of increasing demands due to population growth and 
lifestyle changes, and depleting freshwater resources. Deteriorating supply infrastructure makes the task of meeting water 
demands even more challenging. The combination of source and supply challenges encouraged the consideration of sustainable 
and reliable alternatives for future water supply management. On-site greywater reuse is one such alternative that is becoming 
increasingly popular for its sustainable benefits such as ready availability, energy savings, reduced freshwater withdrawals and 
less effluent runoff. While the treatment technologies for making it economically viable are currently being investigated by other 
researchers, this paper investigates the improvement in supply reliability when traditional water supply systems are 
complemented by on-site greywater reuse. A robust computational model is developed for quantifying reliabilities of traditional 
and on-site greywater reuse systems for a given study area. The results revealed that there is up to 17% of improvement in supply 
reliability due to the on-site greywater reuse systems. A one-way sensitivity analysis conducted on the results indicated that the 
observed reliability improvement is sensitive to system age, pipeline roughness, treatment efficiency and allowable use of 
reclaimed water. Further research is needed to investigate the value of this reliability improvement by considering the life cycle 
cost and energy implications of on-site greywater reuse alternative.  
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1. Introduction 
Water plays an essential role in the well-being of individuals, communities and the surrounding economies. 
Inadequate amount of water in required quality at required time and location is one of the biggest challenges in 
water supply management, especially so in the dry regions of the United States. Warmer temperatures due to climate 
change are causing imbalances in water cycle resulting in shrinking water supply sources while increasing the 
demands [1]. Infrastructure plays a significant role in supply of water from source to demand points, and it has been 
on a deteriorating trend mainly due to aging and lack of sufficient investment. Rapid urbanization and growing 
environmental concerns, in addition to source and supply inadequacies have escalated pressure on the reliability of 
critical water supplies in the US.  
 
The current and predicted future deficit scenarios challenge water supply managers to come up with a sustainable 
and reliable alternate source while making the supply infrastructure smarter and resilient. One such alternate source 
is the greywater that is available at the point of consumption itself. Greywater is the residential or industrial 
wastewater that has not come in contact with toilet and - in most cases- kitchen sink and dishwasher waste [2]. With 
proper treatment, greywater can be used for toilet flushing, irrigation and laundry which accounts for more than 45% 
of a typical household freshwater demand [3]. Depending on the scale of treatment and level of decentralization, 
reclaimed water systems can be categorized into distributed systems and on-site reuse systems. This paper attempts 
to test the hypothesis that on-site greywater reuse significantly improves the reliability of water supply. The 
methodology is demonstrated on a benchmark water network. 
2. RESEARCH METHODOLOGY  
It is not uncommon for the deteriorating pipeline infrastructure in the US to result in unanticipated pipe breaks and 
thereafter major supply disruptions. It is therefore a major challenge for the US utilities to maintain greater supply 
reliability with the infrastructure they own and operate. Reliability has several definitions in the context of water 
supply systems but a majority of them refer to the system’s ability to successfully perform under normal and 
abnormal operational conditions [4]. Abnormal operational conditions in a water supply system refer to varying 
demand (i.e. unusually greater human withdrawals) or infrastructure (i.e. pipe or pump) failure conditions; the 
former referred to as “hydraulic” reliability and the latter “mechanical.” A reliability quantification technique that 
considers both demand and infrastructure failure scenarios, as illustrated in Figure 1, is used in this research to 
estimate reliability improvement when decentralized greywater reuse systems are used to complement traditional 
water supply systems.  
 
Two supply scenarios are considered for the comparative reliability analysis presented in this paper. The first is the 
business-as-usual or the “Centralized” scenario in which water is collected from surface-based reservoirs, treated 
typically at a far-off location, pumped to fill up local storage units and thereafter distributed to consumers as and 
when required. The used water is then collected, pumped to another centralized wastewater treatment plant where 
certain pollutants are removed before the effluent is released into close-by water bodies. The second is a futuristic 
supply scenario named “decentralized” where existing municipal water supply systems are complemented with on-
site greywater reuse systems. It is assumed that each consumption point will have a treatment unit along with some 
storage capacity as illustrated in Figure 1. While on-site greywater reuse is an evolving area of research from the 
stand point of economically feasible treatment technologies, it is certainly gaining popularity and seen as a 
sustainable alternative [5]. Reliability of these two supply scenarios is estimated using the methodology presented in 
Figure 2. Both demand upsurges and pipeline failures are considered as uncertainties in the reliability analysis.  
 
Reliability in each demand scenario (Rd) is estimated using the methodology presented by [6]. Demand upsurges are 
added as a parental loop to Ciaponi’s method [6] of reliability evaluation using a Monte-Carlo simulation approach. 
Reliability is calculated using Equation 1.  
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Figure 1. Decentralized Supply Scenario 
 
 
Figure 2. Methodology for Quantifying Reliability [10] 
ܴܴ ൌ ଵே஽ σ σ ሺேௌ௙ୀଵ
σ ಿೀసభ σ ஼೔ǡೕǡ೑ǡ೏೙೔సభ
σ ಿೀసభ σ ஽೔ǡೕ೙೔సభ
כ ݓ௙ሻே஽ௗୀଵ                                     (1) 
 
Where, ND is number of demand scenarios, d (100 in this study); NS is number of pipeline failure scenarios, f; NN is 
total number of demand nodes (j) in the system; n is the number of time steps (i) in the demand pattern; Ci,j,f,d is the 
actual flow delivered in time step i, at node j, in failure state f, and demand scenario d; Di,j is the demand in time step 
i at node j; wf is the probability of realizing the failure state f.  
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All single pipeline failures are considered as possible failure scenarios (f). The analysis is performed for a 24-hour 
period and the water main failure information for estimating the probability of failure (wf) is adapted from [7]. The 
actual flow (Ci,j,f,d) delivered under demand and pipeline uncertainties is calculated based on actual pressure data 
obtained from EPANET [12]. In the decentralized scenario, not all of the nodal demand is met by centralized supply 
and therefore actual flow is sum of Ci,j,f,d  and reclaimed water flow from the on-site reservoir. [10] can be referred 
for a greater detail on the mass-balance equations used for the hydraulic modelling of decentralized scenario.  
3. DEMONSTRATION  
The methodology described in the previous section is used on a benchmark water network to test the research 
hypothesis presented in this paper. The benchmark network chosen for analysis, as shown in Figure 2, is an adapted 
version of the Go Yang network in South Korea, presented by [8]. The benchmark network consists of 23 nodes, 31 
pipes and nine loops, and is served by a pump (a fixed 4.52kW) connected to a reservoir with a fixed head of 71m. 
The benchmark network is designed for pipe diameters using a least-cost optimization framework developed by [9] 
in order for it to represent a typical existing water supply system.  
 
The decentralized scenario is constructed based on the following rules:  
1. Reclaimed water is sent to a local reservoir after treatment.  
2. Mass balance equations for decentralized systems are written using one-hour time steps. 
3. Reclaimed water is preferred over centralized supply for the non-potable demand. 
4. Centralized or existing supply system is used to meet the remainder of the non-potable and potable demand 
at each node. 
 
The reliability evaluation for both centralized and decentralized base scenarios is performed for a period of 24 hours 
using the following assumptions:  
1. The maximum percent demand (α) that can be met using reclaimed greywater after sufficient treatment is 
25% [A value of zero percent for α represents a no-reuse scenario whereas a value of 100% represents 
potable reuse scenario]. The average demand of toilet flushing is little over 25% of the household demand 
[11], and therefore a value of 25% is assumed for α in the base scenario.  
2. Efficiency of the decentralized treatment unit (ߓ) is 75%, which means that 75 gallons of reusable water is 
produced for every 100 gallons of wastewater generated onsite.  
3. The estimated growth rate coefficient (A) for evaluating the probability of pipeline failure is 0.075 [9]. 
4. The current age of system is 50 years [representative of a typical water supply system].  
5. Bounds for demand variation are considered to be -25% to +25% of the base demand.  
6. Roughness (C) in all the pipes is 100 [It is equivalent to a value of head-loss coefficient K ≈ 1.34, where C 
is inversely proportional to K1/1.85].  
 
 
Figure 3. Benchmark Network Used for Demonstration [10] 
724   Kalyan R. Piratla and Suraj Goverdhanam /  Procedia Engineering  118 ( 2015 )  720 – 726 
 
4. RESULTS AND DISCUSSION 
The comparative reliability analysis performed in this research yielded a 5.83% absolute improvement in reliability 
for the decentralized scenario compared to centralized-only scenario, as shown in Figure 4. Reliability can be 
interpreted as the ability of the system to meet the demands under various possible hydraulic and mechanical 
uncertainties. For example, 100% reliability in centralized scenario refers to a system that is capable of complete 
functionality despite demand upsurges (up to 25% considered in this study) and failure of any single pipeline in the 
network. Although the observed reliability improvement of 5.83% is specific to the benchmark network considered 
in this research, it is almost always expected to be positive due to greater numerator in Equation 1 from reclaimed 
supply. It is evident from these results that decentralized supply complements existing water supply in terms of the 
system’s capability to meet demands under various uncertainties. Although, it is premature to comment on the value 
of this reliability improvement compared to the life cycle cost of on-site greywater reuse systems as it needs further 
research. This paper however further analyses the sensitivity of each of our assumed parameters on the percent 
reliability improvement by systematically varying the parameters and repeating the comparative reliability analysis.  
 
 
Figure 4. Reliability Improvement for the Base Scenario [10] 
Figures 5 illustrates the effect of α on the reliability improvement from centralized to decentralized alternative. As 
can be observed from Figure 5, a steady increase in reliability improvement is observed when α is changed from 
25% to 75%, and then it almost remained the same when alpha is made 100%. The “α = 100%” case represents a 
potable reuse scenario. Only 9.35% of reliability improvement is observed in the potable reuse scenario due to the 
shortage of centralized supply in some failure states (f), and loss of water dependent on the treatment efficiency (ߓ) 
over 24 cycles of one-hour time steps. The observed relationship between reliability improvement and alpha in 
general suggests that more the share of the total demand that can be met by reclaimed water better is the supply 
reliability. This is however found not to be true when alpha is increased to 100% which seems to be so because in 
that case centralized supply would be the limiting factor for not being able to meet the overall demand. Figure 6 
illustrates the reliability improvement when treatment efficiency (γ), system age, headloss coefficient (K), and break 
growth rate (A) are varied.  
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Figure 5. Estimated reliability improvement for different values of α [10] 
 
 
Figure 6. Estimated reliability improvement for the remaining assumed parameters (Adapted from [10]) 
As per Figure 6a, the slight increase in reliability improvement with increase in gamma suggests that treatment 
efficiency didn’t make significant difference in the reliability of decentralized systems. Figures 6b and 6d indicate 
that reliability improvement has reduced when the pipeline failure probabilities are increased either due to system 
aging or accelerated break growth rate. As can be observed from Figure 6c, a steady increase is observed in 
reliability improvement up to about 17% with increase in head loss coefficient (K), which suggest that the greatest 
reliability benefit of decentralized systems will be when pipelines have become very rough may be due to age and/or 
corrosion.  
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5. CONCLUSIONS AND RECOMMENDATIONS 
Decentralized water supply using on-site greywater reuse is becoming an increasingly popular alternative in arid 
regions to counter the freshwater source and infrastructure inadequacies. While there is continued focus on efficient 
treatment technologies to make on-site greywater reuse economically feasible, the research presented in this paper 
investigated the improvement in supply reliability due to decentralized water supply. A 5.83% improvement in 
supply reliability is observed for a demonstrative case study presented in this paper. Several assumptions made in 
this research were further studied to assess their influence on the reliability improvement. It was found that the 
greatest improvement in reliability when decentralized supply is employed is about 17% which happened when the 
pipeline roughness is very high. Reliability improvement also increased in each of the scenarios where reclaimed 
water is allowed to meet a greater household demand and when treatment efficiency is improved. This research 
complemented by life cycle analysis of on-site greywater reuse systems will provide a comprehensive analysis on 
the feasibility of this sustainable supply alternative. The limitations of this study include the lack of consideration 
for the failure of on-site greywater reuse plumbing, life cycle economic, and energy considerations.   
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